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Using deep-level-transient spectroscopy, we have investigated deep levels in heavily Al-doped ZnSe
layers grown by molecular-beam epitaxy. The Al concentration of the ZnSe layers lies in the range
of 531018–931018 cm−3. The ZnSe:Al layers exhibit two electron-trap centers with the thermal
activation energies of 0.16 eV (ND1) and 0.80 eV (ND2). ND2 is a dominant trap center with a trap
density of 331016 cm−3, while the trap density of ND1 is estimated to be 231015 cm−3. However,
ND2 shows anomalous behaviors, different from isolated point defects, in the following points: (1)
the emission peak of ND2 moves to the low temperature side with increasing filling pulse duration;
(2) the emission peak of ND2 is broader than theoretically calculated one for an isolated point
defect; and (3) the capacitance-transient curve is nonexponential. It is observed by high-resolution
x-ray diffraction that heavy Al doping results in the relaxation and plastic deformation of the ZnSe
lattice. These behaviors can be ascribed to extended defects with a broad energy spectrum. By
assuming a Gaussian distribution of deep levels due to extended defect, the broad emission peak is
successfully simulated. © 2004 American Institute of Physics. [DOI: 10.1063/1.1814170]
I. INTRODUCTION
Conductivity control is one of the important issues in
wide-band gap semiconductors such as ZnSe, because low
resistivity and highly doped n- and p-type materials are re-
quired for high-performance optoelectronic applications. The
incorporation of dopants for conductivity control results in
the change of material properties. In the case of lightly doped
ZnSe, a carrier concentration tends to increase with the in-
crease of an incorporated dopant concentration, a carrier mo-
bility is determined by optical-polar phonon scattering and
ionized-impurity scattering, and photoluminescence in the
near-band edge (NBE) is enhanced by the increase of radia-
tive recombination centers due to donor- or acceptor-bound
exciton.1,2 Recently, Molecular-beam epitaxy (MBE) growth
of high-quality ZnSe:Al layers with electron concentrations
up to 531018 cm−3 has been reported.3 Al substitutes Zn in
the ZnSe lattice, acting as a shallow donor with an activation
energy of about 26 meV.4 Because of high purity and low
chemical reactivity, Al is an ideal choice as a source material
for the control of n-type conductivity, especially for MBE.
However, the high-level incorporation of Al into ZnSe layers
would degrade electrical and optical properties of ZnSe lay-
ers. The electron concentration tends to be saturated at high
Al doping level and starts to decrease at much higher
doping.5 In such a high doping level, the electron mobility
decreases with the increase of incorporated Al and does not
vary with temperature for the range of 20–300 K, which
indicates that the electron mobility in the heavily doped re-
gion is not explained by considering only the two scattering
mechanisms as in the lightly doped region.5 Moreover, the
photoluminescence in the NBE is drastically weakened by
the increase of nonradiative recombination centers.6,7
The electrical and optical degradation in heavily doped
ZnSe is ascribed to the generation of deep trap centers.1,2,6,7
The deep trap centers have been well studied in the case of
lightly doped ZnSe layers. In lightly doped ZnSe:Ga layers,
two electron-trap centers with thermal activation energies of
0.26 eV and 0.45–0.56 eV have been found.8 In lightly
doped ZnSe:Cl layers, an electron-trap center has been re-
ported at 0.51 eV below the conduction-band minimum
(CBM).9 The electron-trap centers are isolated point defects
with trap densities of 1015–1016 cm−3 and capture cross-
sections of 10−15–10−13 cm2. However, heavy doping in-
duces crystal-lattice deformation or crystal imperfection,1,2,5
which may induce additional deep trap centers in heavily
doped ZnSe layers. Consequently, detailed studies of deep
trap centers in heavily doped ZnSe layers are highly needed.
In this work, we report deep-level-transient spectroscopy
(DLTS) investigation on electron-trap centers in heavily
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doped ZnSe:Al layers grown by MBE. Heavily doped
ZnSe:Al layers exhibit two prominent electron-trap centers at
0.16 eV (ND1) with a trap density of 231015 cm−3 and
0.80 eV (ND2) with a trap density of 331016 cm−3 below
the CBM. ND1, a relatively shallow level, is expected to
be little influential on electron trapping due to low trap den-
sity, while ND2, a deep level, is considered to be a dominant
electron-trap center. However, ND2 shows anomalous be-
haviors, different from isolated point defects,10–15 in the fol-
lowing points: (1) the emission peak of ND2 moves to the
low temperature side with increasing filling-pulse duration;
(2) the emission peak of ND2 is broader than theoretically
calculated one for an isolated point defect, and (3) the
capacitance-transient curve is nonexponential. High-
resolution x-ray diffraction (HRXRD) shows that heavy Al
doping results in the relaxation and plastic deformation of
the ZnSe lattice. These behaviors can be explained in terms
of extended defect with a broad energy spectrum.
II. EXPERIMENT
ZnSe:Al layers were grown on semi-insulating (001)
GaAs by MBE. The growth of ZnSe:Al layers was conducted
using a Zn effusion cell, a Se valved cracking cell, and an Al
effusion cell. The GaAs substrates were thermally deoxi-
dized at 580 °C for 10 min. Then, low-temperature ZnSe
buffers were grown at 240 °C to prevent the reaction of Se
with the GaAs surface. Subsequently, ZnSe:Al layers were
grown at 270 °C.16 Al cell temperatures for Al doping
were set at 840 °C (sample A), 850 °C (sample B), and
860 °C (sample C). The thickness of the ZnSe:Al layers
were 1500 nm. Table I lists the incorporated Al concentra-
tions and the electrical properties of the ZnSe:Al layers. The
incorporated Al concentrations were estimated to be 5
31018–931018 cm−3. However, the electron concentration
and net-doping density had a tendency to be saturated at 5
31018 cm−3 due to carrier compensation, irrespective of the
incorporated Al concentration. The electron mobility de-
creased with the increase of incorporated Al concentration.
Moreover, it was found that the electron mobility is indepen-
dent of measurement temperature. These electrical properties
are caused by heavy Al doping.5–7
The deep trap centers in ZnSe:Al layers were investi-
gated by DLTS using a YHP 4280A 1 MHz C-meter. For
DLTS measurements, two Au electrodes with different diam-
eters were deposited on the surface. The distance between
the two electrodes with diameters of 0.5 mm and 5 mm was
0.5 mm. Then, in order to remove a native oxide from the
sample surface, Au electrodes were evaporated in a vacuum
chamber immediately after surface treatment with hydrofluo-
ric acid.
III. RESULTS AND DISCUSSION
A. DLTS measurements of ZnSe:Al layers
Figure 1 shows a representative DLTS spectrum for
ZnSe:Al layers used in this work. The ZnSe:Al layer exhibits
two negative peaks at the temperatures of 65 K (ND1) and
225 K (ND2), indicating the presence of two majority
electron-trap centers. The thermal activation energies of
electron-trap centers ND1 and ND2 are estimated to be
0.16 eV and 0.80 eV from the Arrhenius plots of time con-
stant versus temperature, respectively. The electron-trap den-
sities of ND1 and ND2 are estimated to be 231015 cm−3 and
331016 cm−3 from the DLTS signal intensities,
respectively. ND1, a relatively shallow level, is expected to
be little influential on electron trapping due to low trap den-
sity. Moreover, the DLTS emission peak of ND1 was so
small that it was difficult to characterize in detail. We note
that electron-trap centers of similar energy levels as ND1
have been reported in ZnSe:Cl layers grown by MBE17 and
in ZnSe:Ga layers grown by liquid-phase epitaxy (LPE).18
On the other hand, ND2 is positioned at 0.8 eV below the
CBM. Although a similar deep level with an activation en-
ergy of 0.8 eV has been reported in ZnSe:Cl,9 there have
been no detailed reports on the nature of such deep levels
with a large thermal activation energy such as ND2 in ZnSe.
In order to understand the properties of ND2 in ZnSe:Al
TABLE I. Electrical properties of heavily doped ZnSe:Al layers. Incorporated Al concentration estimated from
Al cell flux, electron concentration and electron motility obtained by Hall measurements at room temperature,
and net-doping density obtained by C-V measurements.
Sample
TAl
(°C)
NAl
scm−3d
n
scm−3d
m
scm2/V secd
Nd-Na
scm−3d
A 840 531018 431018 215 531018
B 850 731018 631018 125 431018
C 860 931018 231018 80 431018
FIG. 1. Representative DLTS spectrum for ZnSe:Al layers taken at a time
constant of 1.16 sec. An applied bias voltage is −0.75 V and a filling pulse
time is 5 sec at 0 V.
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layers in detail, we have investigated the change of DLTS
spectrum with filling pulse voltage and pulse time.
B. Dependence of DLTS spectrum on filling
pulse voltage
Figure 2(a), shows the filling pulse-voltage dependence
of DLTS signal for ND2. Here, the filling pulse time is 5 sec,
which is enough to fill trapping states. When the applied
pulse voltage increases, the emission peak of ND2 moves to
the low temperature side. Similar behaviors have been re-
ported in ZnSe:Ga layers, ZnSe:Cl layers, and ZnSe:N layers
grown by MBE.9,10,19 Such phenomena can be understood in
terms of bias-enhanced emission rate due to the Poole-
Frenkel effect.9,10 When shallow impurities are distributed
uniformly in a specimen, the built-in electric field becomes
maximum at the sample surface and decreases linearly with
depth until the edge of the depletion layer. Then, the applied
electric field enhances the emission rate of carriers from de-
fect levels by lowering the Coulombic potential barriers sur-
rounding the defect centers. Consequently, the lowered bar-
rier height due to the Poole-Frenkel effect decreases the
thermal activation energy of ND2 and shifts the emission
peak to the low temperature side. The decreased thermal ac-
tivation energy due to the Poole-Frenkel effect is described
by10
ET = Et − DUPF, s1ad
DUPF = aszFd1/2, s1bd
where ET is the thermal activation energy under applied elec-
tric field, Et is the thermal activation energy without an ap-
plied bias, DUPF is lowering of the potential barrier, a is
2.6310−4 seV2 cm/Vd1/2 in ZnSe, z is the charge state of an
electron-trap center, and F is the electric field intensity. Fig-
ure 2(b) plots the measured thermal activation energy against
applied electric field. The theoretical thermal activation en-
ergy of ND2 can be well fitted to the experimental result by
adopting z as 1. This means that the electron-trap center ND2
found in ZnSe:Al layers is a singly charged donorlike state.
Here, we note that Eq. (1a) was developed for isolated
point defects; rather than (as described in the text below)
extended defects. However, a good agreement of the calcu-
lated dependence with the experimental data is a strong in-
dication of the donor nature of this center.
C. Dependence of DLTS spectrum on filling
pulse time
The inset of Fig. 3 shows the filling pulse-time depen-
dence of DLTS signal for ND2. The emission peak slowly
moves to the low temperature side as the filling pulse time
increases from 0.01 sec to 2.5 sec, and then shows no
change for the pulse time above 2.5 sec. Many of trap cen-
ters in compound semiconductors can be explained in terms
of isolated point defect regarded as a single trap level.14,15 In
the case of an isolated point defect, the Arrhenius plot of
thermal emission rate would fall on a straight line irrespec-
tive of filling pulse time. Consequently, the thermal activa-
tion energy estimated from the Arrhenius plot should be in-
dependent of filling pulse time.14,15 However, Fig. 4 shows
that the Arrhenius plot obtained for the different pulse time
FIG. 2. (a) Filling pulse-voltage dependence for the emission peak of ND2.
Applied bias voltages are −0.5 V, −0.75 V, and −1 V, a filling pulse voltage
is 0 V, and a filling pulse time is 5 sec. (b) A thermal activation energy in
ND2 as a function of external electric field. Circle; experimental results.
Solid line; theoretical fitting.
FIG. 3. Filling pulse-time dependence for the emission peak of ND2. Inset:
DLTS spectra observed for different filling pulse times. The applied bias
voltage and filling pulse voltage are −0.75 V and 0 V, respectively.
7334 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Oh et al.
Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
results in the different thermal activation energy, which de-
creases from 1.3 eV to 0.81 eV as the pulse time increases
from 0.01 sec to 2.5 sec.
In order to investigate the cause of the anomalous peak
shift of ND2, we have tried to simulate the DLTS signal,
assuming ND2 as an isolated point defect. The DLTS signal
is given by14,15
Sst1,t2d = − BNThexps− ent1d − exps− ent2dj , s2ad
B =
q«A2
2sVbi − Vd
, s2bd
en = g−1snvthNc expS− Ec − ETkT D , s2cd
where Sst1 , t2d is the DLTS signal for sampling times t1 and
t2, NT is the electron-trap density, en is the electron-emission
rate, « is the dielectric constant («=9.2«o for ZnSe), A is the
Schottky contact area, Vbi is the built-in potential, V is the
applied reverse-biased voltage, g is the degeneracy factor (2
for electron), sn is the capture cross-section for electron, vth
is the thermal velocity for electron [vth= s1.636
3106dT1/2 cm/sec for ZnSe], Nc is the effective density of
states in the conduction band [Nc= s3.38731014dT3/2 cm−3
for ZnSe], and T is the temperature. Figure 5(a) shows the
calculated DLTS spectrum using the thermal activation en-
ergy and the capture cross-section obtained under the filling
pulse condition in which the emission peak of ND2 does not
change any more (Fig. 3). It can be clearly shown that the
observed DLTS spectrum is broader than the calculated one.
Similar features have been observed in DLTS measurements
on semiconductor alloys and plastically deformed
semiconductors. Kveder et al. have observed that the ther-
mal activation energy obtained from an Arrhenius plot de-
creases with increasing a filling pulse time in plastically de-
formed Silicon.20 T. Wosinski has reported a distinctly broad
emission peak in n-type GaAs and suggested it as induced by
dislocations generated by plastic deformation.21 On the other
hand, Yoshino et al. have observed increased half-width in
the DLTS spectra of InGaP and InGaAsP and have explained
the broadening in terms of increased freedom of atomic ar-
rangements around relevant defects in the alloy systems.22,23
Judging from these results, the pulse-time dependence in the
emission peak of ND2 is expected to be correlated with peak
broadening.
In this point, we should remind the electrical properties
of ZnSe:Al layers shown in Table I. The incorporated Al
concentration was in the range of 531018–931018 cm−3,
which is larger than the Mott density. Moreover, the net-
doping density in ZnSe:Al layers was saturated at 5
31018 cm−3, irrespective of incorporated Al concentration.
These phenomena indicate that material properties in heavily
doped ZnSe:Al layers are different from undoped ZnSe lay-
ers and lightly doped ZnSe layers. It is also possible to imag-
ine structural change in the ZnSe lattice by heavy Al
doping.
Figure 5(b) shows capacitance-transient curves for
ZnSe:Al layers, measured at fixed temperatures around the
emission peak. It can be clearly found that capacitance does
not decay with time exponentially. This behavior should
make it difficult to determine time constant in DLTS based
on the exponential transient of capacitance. Omling et al.
have observed similar nonexponential capacitance-transient
behaviors in GaAsP and plastically deformed Si. Here, they
have assumed extended defects such as alloying, clusters of
FIG. 4. Arrhenius plots for ND2 with various filling pulse times.
FIG. 5. (a) Experimental emission peak for ND2 (circle) and calculated
emission peak assuming an isolated point defect (solid line). (b)
Capacitance-transient curves obtained at 255 K and 225 K.
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point defects, or dislocations, which are composed of a num-
ber of closely-spaced electron-trap centers with slightly dif-
ferent energies. They have proved theoretically that the non-
exponential behaviors induced by extended defects
contribute to the anomalous broadening of emission
peaks.24,25 Consequently, it is natural to assume that heavy Al
doping induces extended defects in ZnSe:Al layers. In order
to take energy-level broadening into account, we introduce a
Gaussian distribution for trap levels to calculate the electron-
trap density and electron-emission rate,24,25
NT8 = C expS− sET8 − Eod22S2 D , s3ad
en = g−1snvthNc expS− Ec − ET8kT D , s3bd
Sst1,t2d = − Bo
−‘
‘
NT8hexps− ent1d − exps− ent2dj , s3cd
where NT is the trap density, C is the normalization constant,
ET8 is the thermal activation energy, Eo is the thermal activa-
tion energy of a defect with the highest concentration, and S
is the broadening of the energy level. The dashed line in Fig.
6 shows the calculated DLTS spectrum with Eo=0.8 eV and
S=0.08 eV. The calculated curve for extended defects agrees
well with the experimentally obtained emission peak, which
indicates that the broad emission peak of ND2 is well ex-
plained in terms of extended defect induced by heavy Al
doping.
We note that the electron-capture cross-sections obtained
from the Arrhenius plots exhibited extremely large values
ssn@10−10 cm2d, which should be compared with typical
capture cross sections of sn=10−13–10−15 cm2 for isolated
point defects. Such unreasonably large values can be as-
cribed to extended defects.24,25
D. Deformation of ZnSe:Al lattice
In order to get more insight into extended defects, we
measured high-resolution x-ray diffraction (HRXRD) of Al-
doped ZnSe layers. Figure 7 plots in-plane and out-of-plane
lattice constants (ai and a’) of ZnSe:Al layers against incor-
porated Al concentrations, where (004) and (115) diffractions
were measured to estimate ai and a’ values. It is found that
the lattice constants increase with Al incorporation. Morveo-
ver, it is shown that the lattice constants for both directions
are almost the same. These indicate that the lattices of
ZnSe:Al layers are fully relaxed and plastically deformed,
suggesting that heavy Al doping induces the structural
change of the ZnSe:Al lattice. It is interesting to note that
although the atomic radii of Ga are larger than that of Al, the
lattice constant of Ga-doped ZnSe decreases with Ga
incorporation,1 while Udono et al. have reported that lattice
expansion in ZnSe:Al.26 Wager et al. have reported similar
lattice dilation in Al0.39Ga0.61As:Si and they have discussed
the anomalous dilation in terms of bond-breaking
mechanism.27
IV. CONCLUSIONS
Using DLTS, we performed an extensive study of
electron-trap centers in heavily Al-doped ZnSe layers grown
by MBE. Heavily doped ZnSe:Al layers exhibited two
electron-trap centers ND1 and ND2. ND1, positioned at
0.2 eV below the CBM, was expected to be little influential
on electron trapping due to low trap density of 2
31015 cm−3. ND2 is a dominant electron-trap center with a
trap density of 331016 cm−3, positioned at 0.8 eV below the
CBM. The emission peak of ND2 shifted to the low tempera-
ture side with increasing a filling pulse voltage due to the
Poole-Frenkel effect. ND2 exhibited anomalous behaviors:
(1) the emission peak of ND2 moves to the low temperature
side with increasing filling-pulse duration; (2) the emission
peak of ND2 is broader than theoretically calculated one for
an isolated point defect, and (3) the capacitance-transient
curve is nonexponential. The measured DLTS signal can be
well simulated by assuming a Gaussian distribution of
electron-trap levels in theoretical calculation. Consequently,
FIG. 6. Experimental emission peak for ND2 (circle), calculated emission
peak assuming an isolated point defect (solid line), and calculated emission
peak assuming an extended defect (dashed line).
FIG. 7. Lattice constants obtained by (004) and (115) diffraction as a func-
tion of incorporated Al concentration.
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it is suggested that the observed emission features of ND2 in
heavily doped ZnSe:Al layers are ascribed to extended de-
fects generated by heavy Al doping.
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